THE FUNCTIONAL ORGANIZATION of the adult nervous system depends upon the connections formed during development, when axons grow out from neuronal cell bodies and extend along specific pathways to unite with their targets. This directed axonal elongation results from the exploratory behavior of motile structures at the axon tips, the growth cones. Growth cones establish the direction of axonal elongation by detecting and responding to signals, or guidance cues, in nervous system environment. Navigating growth cones are highly dynamic, displaying complex behaviors during contact with specific guidance cues, such as cell surface and extracellular matrix molecules. [1] [2] [3] [4] [5] [6] [7] Growth cone behaviors (protrusion, retraction, branching and turning) depend on the dynamic reorganization of the cytoskeleton, which is composed of actin filaments and microtubules. In the first part of this article, we describe the basic properties of growth cones, emphasizing the role of the cytoskeleton in determining them. Then we present our recent investigations of proteoglycan-mediated growth cone inhibition and turning, suggesting (1) that filopodial contact with chondroitin sulfate proteoglycan (CSPG) elicits changes in microtubule bundling and alignment, and (2) that growth cones with deficient filopodia alter their direction of migration in response to the inhibitory effects of CSPG by sidestepping instead of turning, implying that filopodia are necessary for normal microtubule reorientation at fibronectin (FN)/CSPG borders.
Growth cone motility and actin filaments
Growth cones navigate by constantly extending and retracting sensory protrusions in the form of broad flattened lamellipodia and finger-like filopodia, which comprise the leading edge or peripheral domain. As illustrated in Figure 1 , the dynamic protrusive behavior of a navigating growth cone is based on actin filament assembly at the leading edge, retrograde flow of assembled actin filaments, and proximal disassembly. [8] [9] [10] [11] [12] [13] Actin filaments are organized into two populations at the leading edge: long bundled filaments in filopodia, and a branching network extending throughout lamellipodia. 14 The dynamics of actin filament assembly, disassembly, and organization into bundles and networks are influenced by actin-binding proteins (reviewed in refs 10, 15-17) .
Protrusive force is generated at the leading edge by actin filament dynamics and/or by actin-myosin interactions. In the absence of substratum attachments, these forces result in the retrograde flow of actin filaments. 9 Actin filament polymerization near the plasma membrane is coupled to ATP hydrolysis, which can provide the power to move polymers rearward when they are prevented from forward elongation by the membrane. 8, 10 Additionally, myosins I and II have been localized at the leading edge of growth cones. [18] [19] [20] [21] [22] This suggests that membraneassociated myosin molecules may interact with actin filaments at the leading edge of growth cones to produce the tension that pulls the elongating neurite forward. 10, 13, 18, 21, 23, 24 A current model (Figure 1 ) explains the role of tension and substratum attachments in growth cone advance; this model is based on evidence that the cytoplasmic domains of cell adhesion molecules can be coupled to actin filaments by 'clutch' protein complexes. 9, 13, 25, 26 When the clutch protein complexes are disengaged, actin filaments and cell adhesion molecules are uncoupled, myosin-actin interactions cannot exert tension on the substratum, and actin filaments flow rearward. However, when clutch proteins link actin filaments to cell adhesion molecules, which are bound to the substratum, the tension produced between myosin and actin filaments is transduced into growth cone advance. Different protein complexes link the various cell adhesion molecules to actin filaments. 25 Recent evidence suggests that the involvement of actin filaments in growth cone navigation depends on the nature of the substratum and on how effectively clutch proteins link the different cell adhesion receptors to actin filaments.
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Axonal elongation and microtubules
Microtubules are the major cytoskeletal components of axons, serving as tracks for the axonal transport of membranous organelles, 29 and contributing to axonal structure by virtue of their rigidity and resistance to compression. 30, 31 The organization of microtubules in growth cones suggests that they are also instrumental in axonal formation behind the advancing growth cone. [32] [33] [34] [35] The three microtubule activities that contribute to axonal elongation are dynamics, translocation (or advance), and bundling. 36 
Microtubule dynamics
In vitro and in cells, microtubules grow and shrink continuously, a process called dynamic instability. 37 Microtubules can also undergo treadmilling, where net assembly and disassembly occur simultaneously at opposite ends. 38 These dynamic processes can be regulated by the gain and loss of a stabilizing GTP cap from microtubule ends, 37, 39 by interactions of various microtubule-associated proteins with microtubules, [40] [41] [42] [43] [44] [45] or by the tubulin isotype composition. 46 In addition, microtubule dynamics are linked to post- translational modifications of tubulin, such that stable microtubules can be distinguished from dynamic ones by specific biochemical markers. 47 One aspect of neuronal differentiation is that microtubules become resistant, or stable, to disassembly by cold and certain drugs. 42, [48] [49] [50] While the exact mechanism responsible for microtubule stabilization is unknown, numerous studies implicate microtubule associated proteins. [40] [41] [42] [43] [44] [45] Often, neurite microtubules consist of a proximal stable domain and a distal labile domain. 48, 51, 52 Stable microtubules are abundant in the soma and proximal neurite, while the most distal region of the neurite contains a greater proportion of dynamic microtubules. [51] [52] [53] [54] [55] [56] This regional variation in microtubule stability may be important in the dynamic shaping of growing axons.
Microtubule advance
The mechanism of microtubule advance in growing neurites is the focus of an ongoing debate: do microtubules keep up with growth cone migration by polymerization of tubulin onto the ends of existing microtubules, or are microtubule polymers translocated in the direction of axonal elongation?
The view that axons elongate by tubulin polymerization at the growth cone is supported by results showing that local application of microtubule depolymerizing drugs to the growth cone abolishes neurite elongation. 57 However, other evidence indicates that nucleation and initial assembly of axonal microtubules occur in the soma, specifically at the centrosome; 49, 58 these newly assembled, short microtubules enter neurites and eventually reach the growth cone by a poorly understood translocation process, elongating and shortening by dynamic instability along the way. 48, 49, 52, 59 Additional studies utilizing low concentrations of vinblastine to arrest microtubule polymerization without net disassembly 60 have shown that axon elongation continues in the absence of tubulin polymerization, presumably by the translocation of short microtubules that were assembled in the soma before drug exposure. In contrast, a recent report states that similar vinblastine concentrations cause growth cone wandering without appreciable forward movement. 36 Observations of fluorescently labeled microtubules in living growth cones are consistent with the idea that microtubules may advance into growth cones by both mechanisms, namely translocation of stable microtubule polymers, and new assembly of tubulin onto the plus ends of microtubules. [32] [33] [34] 36, 61, 62 However, as the above studies used various neuronal types, it has been suggested that neurons from different organisms use different means to advance microtubules; 62, 63 this may be related to the growth rates of these neurons. For example, tubulin polymers might be translocated in fast growing frog neurons 62 while in slower growing neurons of mice, grasshoppers 62 and zebrafish, 64 microtubules may advance by addition of distally transported monomers or small oligomers. Another possibility is that the mode of microtubule advance used by a particular neuronal type may reflect the stable or dynamic state of microtubules and/or distinct interactions of microtubules with other cellular elements, such as microtubuleassociated proteins, neurofilaments, actin filament bundles, and focal contact components.
Microtubule bundling
The formation of new axon structure involves bundling of microtubules in the growth cone, often preceding or occurring simultaneously with collapse of the growth cone membrane proximally and elongation of the axon. 34 Microtubule bundling often accompanies growth cone advance, and pre-existing bundles sometimes appear to move forward. Bulinski and colleagues suggest that microtubule stabilization facilitates bundle formation by increasing the lifetime of individual microtubules, thus adding to the population of microtubules available for bundle formation.
In addition, microtubule bundling, and the subsequent conversion of the dynamic growth cone cytoskeleton to a more stable axonal configuration, may be influenced by compression of the microtubule array by the actin filament network. 
Growth cone behavior during pathfinding
Axonal pathfinding arises from the orientation of growth cone filopodia toward favorable cues or away from negative cues, consolidation of the filopodial orientation by microtubule advance, and reorganization of the growth cone cytoskeleton to form the axon (reviewed in refs 9,66) . In this section, we will review what is currently known about these events, focusing on the role of microtubules in growth cone navigation, the influence of actin filaments on microtubules, and how substratum contacts may contribute to cytoskeletal reorganization.
Microtubule reorganization
Two of the most important navigational behaviors of growth cones, branching and turning, involve the reorganization of microtubules. 33, 34, [67] [68] [69] [70] Evidence indicates that changes in the alignment of microtubules, resulting in microtubule invasion of certain growth cone branches, play a key role in determining the direction of neurite elongation. 33, 34 Whether this reorganization is a consequence of redistributing a pre-existing polymer configuration, the result of net assembly, or both is currently unknown.
Influence of actin filaments on microtubules
The advance of microtubules into nascent growth cone branches or into the dominant side of a turning growth cone is influenced by actin filaments. 13, 71 Growth cone microtubules often extend into the peripheral domain where they overlap with actin filament bundles at the bases of filopodia. 8, [72] [73] [74] Whether actin filaments impede or promote microtubule movement is currently an unresolved issue. Some reports indicate that the force generated by the actin network can inhibit microtubule advance. For instance, depolymerization of actin filaments by treatment with cytochalasins allows microtubules to extend into the peripheral domain, suggesting that the intact actin network in growth cones can prevent microtubule advance. 8, 30, 31, 75 In contrast, several lines of evidence derived from observing living growth cones indicate that actin filament bundles can facilitate microtubule advance. For example, when a growth cone contacts a target, mechanical coupling occurs, and tension is transmitted by the growth cone. These events are followed by membrane ruffling, accumulation of actin filaments at the contact site, and microtubule extension toward the target. 56, [69] [70] [71] These studies support earlier ultrastructural observations that the orientation of microtubules in the growth cone periphery is influenced by interactions with the actin filament bundles of filopodia.
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Substratum contacts and cytoskeletal reorganization
Growth cone-substratum contacts involve adhesion molecules of the Ig-like, cadherin, and integrin families, 21, 76, 77 each of which has specific accessory proteins linking actin filaments to adhesive sites (reviewed in ref 25) . It has been proposed that adhesive contacts provide anchorage against which actin filaments interacting with myosin can pull and re-orient microtubules. 13, 21, 71, 75 Additional evidence suggests that substratum-bound molecules stimulate microtubule entry into growth cones 78 by regulating the force produced by the actin filament network. 8, 30, 31, 75 Adhesive contacts may also act as sites where second messenger systems are activated, subsequently regulating actin filament and microtubule stability and orientation. It is therefore plausible that the mechanisms responsible for microtubule advance into growth cones are influenced by the signal transduction pathways that are activated when specific growth cone receptors bind to substratum adhesion molecules.
Organization of the cytoskeleton in growth cones turning at inhibitory borders
In this section, we present our recent investigations of growth cone behaviors at boundaries between permissive and inhibitory substratum-bound molecules. We are analysing the organization and functions of dynamic and stable microtubules, and their relationship to actin filaments, using drugs that perturb actin filaments and microtubules with a reliable guidance assay, namely a substratum composed of alternating stripes of fibronectin (FN) and chondroitin sulfate proteoglycan (CSPG). It has been established that CSPGs are present in areas of the developing nervous system that growth cones avoid in vivo, 79, 80 and that stripes of CSPG elicit chick dorsal root ganglion (DRG) growth cone branching and turning in vitro. 7, 81 When growth cones on laminin or FN encounter a CSPG stripe, they stop elongating, and sample the border region repeatedly by cyclical filopodial protrusion and retraction. As the growth cone turns at the border, it does not collapse, but remains on the growth-promoting substratum, while filopodia continue to interact with CSPG throughout the directional change. 81, 82 We have observed growth cones of embryonic day 10-11 chick DRG neurons as they (1) elongated on FN, (2) approached CSPG stripes, (3) interacted with the FN/CSPG border, (4) turned, and (5) migrated along the border. At various times during this sequence of events, growth cones were fixed and immunocytochemically stained with rhodamine-phalloidin to label actin filaments, and specific antibodies that recognize detyrosinated (stable) and tyrosinated (dynamic) microtubules, 83, 84 followed by FITC-and CY3-or CY5-conjugated secondary antibodies; fluorescent images were obtained with a laser scanning confocal microscope.
Arrangement of actin filaments and microtubules in turning growth cones
Growth cones on FN, and those closely approaching a CSPG border, contain dynamic microtubules that extend through the central region and overlap with actin filaments at the bases of filopodia, while stable microtubules are confined to the central region (Figure 2 (A-C) and Figure 5A ). However, in growth cones that have contacted CSPG, the microtubules stop at the border, while filopodia and lamellipodia containing actin filaments constantly probe across the border. As growth cones are starting to turn, the labeling for stable microtubules is often coincident with labeling for dynamic microtubules (Figure 2 (D-I) and Figure 5 (B,C) ), suggesting that microtubule rearrangements begin while growth cones are stopped at the border, after filopodia have repeatedly sampled the CSPG. The duration of filopodial sampling is variable, and the length of time necessary for microtubule reorganization is as yet undetermined. Possible microtubule rearrangements include depolymerization and re-assembly of dynamic microtubules, stabilization of dynamic microtubules, and forward translocation of stable microtubules. Growth cones that have turned at the FN/CSPG border contain tightly bundled stable and dynamic microtubules extending well into the body of the growth cone and often into actin dense regions at the growth cone tip (Figure 2 (G-I) and Figure 5C ), indicating that the cytoskeletal rearrangements triggered by CSPG contact include substantial changes in the alignment and bundling of microtubules. It is likely that these changes begin at sites of filopodial contact with CSPG at the FN/CSPG border, as the result of a currently unknown signaling mechanism (see Discussion).
While there are obvious differences in the distribution of stable and dynamic microtubules in growth cones that haven't yet contacted the border (Figure 2 (A-C) and Figure 5A ), during the early stages of turning stable microtubules often extend nearly as far forward as dynamic microtubules (Figure 2 (D-I) and Figure 5 (B,C)). This indicates that microtubule stabilization may be a key factor in determining the direction of axonal extension, probably by promoting consolidation of neurites in the direction of growth. We have provided evidence that, in growth cones at FN/CSPG borders, stable microtubules catch up with the leading margin. How might this occur? Stabilization of microtubule ends may serve to establish sites of assembly for further extension of dynamic microtubule polymers, 49 and/or pre-existing stable microtubules may be translocated forward to overlap with dynamic microtubules at the leading margin. Future experiments will address these possibilities.
Low doses of cytochalasin B influence growth cone turning
The drug cytochalasin B binds actin filaments and inhibits addition of actin monomer to filaments. 85 Addition of 10 µg/ml cytochalasin B to established DRG cultures severely reduces protrusion of lamellipodia and filopodia, resulting in neurites with blunt ends that do not exhibit normal motility, but do elongate, presumably by microtubule-associated forward movement of material. 86 Lower concentrations of cytochalasin B (less than 0.1 µg/ml) permit short filopodia-like structures to form. [86] [87] [88] While concentrations up to 0.05 µg/ml do not impair navigation, 87 when treated with 0.1 µg/ml cytochalasin B Xenopus retinal growth cones in vivo exhibit aberrant pathfinding abilities.
For our current studies, we are using low concentrations of cytochalasin B to examine the behavior of microtubules in growth cones with deficient filopodia at CSPG borders. In the presence of 0.05-0.1 µg/ml cytochalasin B, growth cones exhibit diminished protrusive activity and migrate at about one-third the normal rate, 86 confirming that actin filaments are required for normal growth cone motility, and that microtubules can sustain neurite elongation in the absence of normal filopodial and lamellipodial protrusion.
Our initial findings imply (1) that in the presence of cytochalasin B, growth cones avoid CSPG by a mechanism that is different from their normal turning sequence, implicating filopodia as mediators of growth cone turning at borders between growthpromoting and growth-inhibiting molecules, and (2) that the manner in which cytochalasin B-treated growth cones avoid CSPG is concentration dependent. Recall that growth cones typically advance right up to a CSPG stripe, contact the CSPG via filopodial sampling, then turn to migrate along the edge of the border. 81, 82 The first part of this sequence of events also occurs in the presence of 0.1 µg/ml cytochalasin B, in that growth cones stop at the FN/CSPG border and do not cross it. However, at this point, cytochalasin B-treated growth cones behave differently. Figure  3 shows a typical example of this altered behavior, where instead of turning at the border to migrate along it, the growth cone sidesteps laterally along the border. At a lower concentration of cytochalasin B (0.05 µg/ml), some growth cones begin to sidestep along the border, then turn like controls ( Figure 6 ). Although growth cones with impaired filopodia can still detect the CSPG cue and react to avoid it by altering their direction of migration, they don't reorient normally, indicating that filopodia play a key role in the growth cone guidance mechanisms that operate at FN/CSPG borders in vitro.
Arrangement of microtubules and actin in cytochalasin B-treated growth cones
Our analyses of the cytoskeleton have revealed a difference in phalloidin-stained filamentous actin in growth cones exposed to the two cytochalasin B concentrations mentioned above. As expected, and in agreement with others, 75, 87 increasing doses of cytochalasin B reduced the prevalence of filamentous actin at the distal growth cone margin.
In growth cones approaching CSPG stripes in the presence of 0.1 µg/ml cytochalasin B, rhodaminephalloidin labeling reveals punctate actin condensa- The cytoskeleton in growth cone navigation tions instead of the well-organized actin filament bundles characteristic of normal filopodia ( Figure 4) . As in other studies, 8 reduction of the actin filament network resulted in microtubule extension to the leading margin of the growth cone. Our confocal images show that these distally projecting microtubules are dynamic, and that stable microtubules are generally excluded from the actin-containing regions ( Figure 4C and Figure 5D ). At sites of contact with the FN/CSPG border, actin is present in short protrusions that often extend onto CSPG, while all microtubules are arrested at the border.
In growth cones exposed to 0.1 µg/ml cytochalasin B that were sidestepping along the border prior to fixation, dynamic microtubules are not tightly bundled, but are splayed with their ends facing the direction of movement ( Figure 3D ; top growth cone in Figure 4 (G-I) and Figure 5F ). Like controls, growth cones that had turned at the border in the presence of 0.05 µg/ml cytochalasin B show staining for dynamic microtubule bundles extending toward the new direction of elongation. As shown in Figure 6 , labeling of stable microtubules often coincides with these aligned dynamic microtubules.
Discussion
We postulate that chick DRG growth cones normally turn at FN/CSPG borders by filopodia-mediated adhesion and microtubule reorientation. However, it is unclear whether this reorientation process is mediated by adhesion of filopodia to the FN substream, effectively 'pulling' the growth cone away from the CSPG; by reduced adhesion to the CSPG stripes, possibly due to CSPG interference with growth cone integrin binding to FN; 89 or whether the stimulus to turn is generated by transmembrane signals, such as increased intracellular Ca 2 + 89 or changes in the activity of protein kinases, that result from CSPG contact.
Tanaka and Kirschner (1995) discuss several growth cone turning mechanisms that may operate at substratum borders. They speculate that these mechanisms differ in the extent to which the neurite adheres to the substratum during the turn, such that sidestepping happens when the distal neurite and growth cone are not well-attached, while turning of the growth cone at the border is possible only if the entire neurite and growth cone are adherent. In agreement with Tanaka and Kirschner, our investigations suggest that adhesion plays a role in growth cone turning.
Filopodia contain receptors that adhere to the FN substratum, 21 and this adhesion allows tension to be transduced into forward movement that drives the turn. Our results indicate that microtubules become tightly bundled along the border and aligned with the turn, following the direction established by filopodia.
By reducing the length and organization of actin filaments at the leading edge, low doses of cytochalasin B may interfere with microtubule reorientation in several ways. Three of the possibilities include (1) shorter actin filaments resulting in a smaller growth cone with less room to reorient microtubules, (2) less growth cone-substratum adhesion to allow pulling against microtubules, and (3) fewer actin filaments, resulting in less coupling to the substratum and a reduction in the tension that can be used to reorient microtubules. Under conditions of reduced adhesion and/or tension, when actin filaments cannot reorient microtubules, growth cones avoid CSPG by sidestepping laterally along the border. The arrangement of microtubules under these circumstances suggests that microtubule bundling and alignment are usually dependent on the presence of relatively intact actin filaments and associated protein complexes. As mentioned, at very low concentrations of cytochalasin B (0.05 µg/ml), some growth cones exhibit a combination of sidestepping and turning. This may reflect an intermediate level of coupling, as the lower concentration of cytochalasin does not eliminate all filopodia.
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Conclusion
Axonal pathfinding depends on the navigational machinery of the growth cone, which includes cell surface receptors that detect and respond to environmental cues, and transmembrane signaling mechanisms that result in reorganization of the cytoskeleton. Our present investigations are focused on elucidating the cytoskeletal changes that occur during growth cone interactions with substratum-bound guidance cues. We have found (1) that filopodial contact with substratum-bound CSPG elicits changes in microtubule bundling and alignment, and (2) that growth cones with deficient filopodia alter their direction of migration in response to the inhibitory effects of CSPG by sidestepping instead of turning, suggesting that filopodia are necessary for normal microtubule reorientation at FN/CSPG borders.
We are further investigating the role of micro- tubules in growth cone turning through the use of various microtubule-disrupting drugs, with a particular interest in determining whether the local control of microtubule stabilization is an important step in growth cone turning at substratum boundaries. To fully understand growth cone guidance, it will be necessary to identify the specific adhesive interactions and second messenger systems that regulate the cytoskeleton.
